1. Introduction
===============

Gastric cancer (GC) is one of the most common types of malignant tumor, with GC morbidity and mortality worldwide ranked fourth and second highest, respectively, out of all types of cancer. It is estimated that \~989,600 individuals were diagnosed with GC and 738,000 GC patients succumbed to the disease worldwide in 2008 ([@b1-mmr-11-02-0759]). Thus, GC seriously threatens human health and is a global cause of mortality. With improvements in clinical diagnosis and treatment, the five-year survival rate of patients with early GC has significantly increased, but the prognosis of patients with advanced GC remains poor. This disappointing prognosis is mainly due to a lack of effective therapeutic measures. Although a large number of studies regarding GC pathogenesis have been conducted, the molecular mechanism of GC remains poorly understood.

Epigenetic alterations have been shown to exert a critical role in gastric tumorigenesis. Various types of epigenetic modifications have been detected, of which DNA methylation was the first to be elucidated and has been the most widely analyzed. DNA methylation of CpG islands (CGIs) is a critical mechanism that results in the ectopic expression of genes, including microRNA (miRNA) genes ([@b2-mmr-11-02-0759],[@b3-mmr-11-02-0759]). Increasing evidence has shown that a number of important cellular functions, such as proliferation, differentiation and apoptosis, are regulated by miRNAs. Furthermore, dysregulated miRNAs have been confirmed to be associated with the development of numerous types of human cancer ([@b4-mmr-11-02-0759]). In recent years, studies concerning DNA methylation of miRNAs in GC have been frequently reported, and these studies deepen the knowledge of how the epigenetic regulation of miRNAs results in GC pathogenesis, indicating novel therapeutic strategies for GC. The present review provides a brief introduction to DNA methylation and miRNAs, and summarizes the role of promoter-associated methylation of miRNAs in GC.

2. DNA methylation
==================

DNA methylation and methyltransferases
--------------------------------------

DNA methylation, as the best-known epigenetic modification, occurs when a methyl group (CH~3~) is added to the cytosine-C5 position in the CpG dinucleotide ([@b5-mmr-11-02-0759]). In the human genome, the distribution of CpG dinucleotides (CpGs) is classified into two types: Diffused distribution and local accumulation. Approximately 80% of CpGs that usually remain heavily methylated exhibit a diffused distribution in repetitive DNA sequences, whereas the other CpGs that are always unmethylated in healthy tissues exhibit local accumulation ([@b6-mmr-11-02-0759],[@b7-mmr-11-02-0759]). A \~1 kb genomic region with a CpG cluster that is usually hypomethylated in healthy cells is known as a CGI ([@b8-mmr-11-02-0759]). These CpG-rich sequences, detected in approximately half of human genes, are predominantly located in the promoter region in which transcription is initiated, but may also be occasionally identified in the first exon or in the intronic regions of the gene ([@b9-mmr-11-02-0759],[@b10-mmr-11-02-0759]). The methylation of promoter CGIs has been found to exert a critical role in the regulation of gene expression, genomic imprinting, the inactivation of the X-chromosome in females and in tumorigenesis ([@b11-mmr-11-02-0759]).

The addition of methyl groups from S-adenosylmethionine to C5 is catalyzed by DNA methyltransferases (DNMTs). The DNMT family includes the following five members: DNMT1, DNMT2, DNMT3a, DNMT3b and DNMT3L. DNMT1, as the most abundant DNMT, is involved in maintaining the methylation patterns by replicating these patterns during the S phase of mitosis ([@b12-mmr-11-02-0759]), whereas DNMT3a and 3b are involved in *de novo* methylation, which is associated with normal development and disease ([@b13-mmr-11-02-0759]). DNMT1 cooperates with the DNMT3 family to establish and maintain the CGI methylation patterns. However, DNMT2 exerts limited effects in the methylation of CGIs in DNA and DNMT3L is deficient in catalytic activity, although the latter molecule may enhance DNMT3a/3b catalytic activity through direct binding to the catalytic domains ([@b14-mmr-11-02-0759]). Various DNMT inhibitors have been employed in attempts to treat a number of human diseases, including cancer, caused by CGI DNA methylation; 5-aza-2′-deoxycytidine (5-aza-CdR) may be the most commonly utilized. 5-Aza-CdR is a cytidine analog, which may be incorporated into DNA nucleotides and be covalently coupled with DNMTs, resulting in DNMT dysfunction ([@b15-mmr-11-02-0759]). 5-Aza-CdR has been widely employed to reactivate tumor-suppressor genes that have been silenced due to the high expression levels of DNMTs ([@b16-mmr-11-02-0759]).

DNA methylation and GC
----------------------

Since the first study was published in 1983 ([@b17-mmr-11-02-0759]), the association between DNA methylation and cancer has been widely investigated. There is increasing evidence that abnormal DNA methylation is a critical mechanism in the pathogenesis of cancer. Aberrant methylation predominantly consists of hypermethylation or hypomethylation. DNA hypomethylation is primarily global, and usually occurs in repetitive DNA sequences, such as the Alu and LINE sequences. However, gene-specific hypomethylation, occurring in certain distinct regions, particularly promoter-associated CGIs, has also been observed. Genome-wide hypomethylation may result in chromosomal instability, reactivation of transposable elements and loss of imprinting ([@b6-mmr-11-02-0759],[@b18-mmr-11-02-0759]), and gene-specific hypomethylation is correlated with the upregulation of oncogenes ([@b19-mmr-11-02-0759],[@b20-mmr-11-02-0759]). However, although hypomethylation was first reported earlier than hypermethylation, the hypermethylation of CGIs in promoter regions has received more attention in recent decades. Furthermore, the mechanism of transcription silencing by promoter CGI hypermethylation is more clearly understood than the carcinogenic mechanism of DNA hypomethylation. Methylated CGIs promote chromatin structural stability; the binding of transcription factors to CGIs is inhibited, which results in the silencing of genes ([@b21-mmr-11-02-0759]). The expression of the majority of tumor-suppressor and DNA repair genes is regulated by CGI methylation, and hypermethylation in the promoter region of these genes may result in the inactivation of genes through transcription silencing, which contributes to the formation of cancer. In addition, according to the two-hit hypothesis proposed by Knudson ([@b22-mmr-11-02-0759]), DNA hypermethylation of tumor-suppressor genes acts as the second hit following gene mutation, which is the first. Furthermore, compared with mutations, unusual methylations in the promoter region are more common and may be detected more easily. Studies examining numerous types of cancer, such as gastric and colorectal cancer, have shown that a change in hypomethylation status does not affect the hypermethylation of CGIs in the promoter, which suggests no clear association between genome-wide hypomethylation and regional hypermethylation ([@b23-mmr-11-02-0759]).

Abnormal methylation in the form of both DNA hypomethylation and local hypermethylation has been observed in GC ([@b24-mmr-11-02-0759],[@b25-mmr-11-02-0759]). In a number of genes, as compared with genome-wide demethylation, more attention has been focused on increased methylation in promoter-associated CGIs in GC. Increasing evidence has indicated that the aberrant DNA methylation of tumor-suppressor genes is involved in development, progression, metastasis and invasion of GC ([@b25-mmr-11-02-0759]). At present, numerous protein-coding tumor suppressor genes have been demonstrated to exhibit abnormal promoter-associated CGI methylation. These genes are mainly associated with various cellular processes, including regulation of the cell cycle, cell differentiation or apoptosis, signal transduction and DNA repair. In addition, in recent years, the expression of miRNAs has also been identified to be affected by DNA methylation, which contributes to tumorigenesis.

3. MicroRNA and cancer
======================

Initially, RNA was identified only as a mediator of the transition of information from DNA to proteins; however, increasing evidence has indicated that RNA exerts a key role in various life processes. miRNA is a type of endogenous, single-stranded, non-coding small RNA, 18--22 nucleotides (nts) in length, which is involved in various biological processes and remains highly conserved during evolution. Since the first report in 1993 ([@b26-mmr-11-02-0759]) and its true recognition in the early 2000s, miRNA has been one of the fastest growing research areas in molecular biology. To date, thousands of miRNAs have been identified in animals and plants, as well as viruses. More than 1,000 miRNAs belong to humans, regulating \~30% of human genes ([@b27-mmr-11-02-0759]).

Subsequent to the downregulation of two miRNAs in chronic lymphocytic leukemia, miR-15 and miR-16, first being reported ([@b28-mmr-11-02-0759]), the association between miRNAs and human cancer has been widely investigated. Due to the finding that miRNAs commonly require only partial sequence homology to the 3′-untranslated region (3′-UTR) of target mRNAs, a single miRNA may have numerous mRNA targets and, conversely, a single mRNA may also be targeted by numerous miRNAs ([@b29-mmr-11-02-0759]). Therefore, miRNAs may regulate numerous mRNAs that are closely associated with various types of cancer. In addition, genome-wide studies have indicated that \~50% miRNAs are located at cancer-associated genomic regions or fragile sites of chromosomes ([@b30-mmr-11-02-0759]), further confirming the closely association between miRNAs and cancer.

miRNAs may function as tumor suppressor genes through the regulation of target genes, which subsequently exhibit lower expression levels. The miR-34 family, itself targeted by p53 via a positive feedback mechanism, is universally inactivated in various types of cancer. miR-34 molecules act as tumor suppressors by regulating the expression of the corresponding targets. For instance, one study found that miR-34a caused the suppression of silent information regulator 1 (SIRT1), which may function as an oncogene. Inhibition of SIRT1 may increase p53 activity and in-turn result in upregulation of miR-34a, to further induce SIRT1 silencing ([@b31-mmr-11-02-0759]).

Conversely, certain miRNAs, such as miR-27a, are overexpressed in cancer and function as oncogenes. miR-27a has been found to be overexpressed in ovarian cancer, breast cancer and GC, and acts as an oncogene through the suppression of targets such as ZBTB10, Myt-1 and prohibitin ([@b32-mmr-11-02-0759]--[@b34-mmr-11-02-0759]). Notably, a few miRNAs act as tumor suppressor genes in certain types of cancer and function as oncogenes in other types of cancer. For instance, miR-25 has been shown to be downregulated in colon cancer tissues, as compared with normal mucosal tissues ([@b35-mmr-11-02-0759]), and has demonstrated the ability to inhibit colon cancer cell growth and migration through downregulation of a target gene, Smad7, which is involved in the proliferation and metastasis of colon cancer ([@b35-mmr-11-02-0759]). However, miR-25 has also been reported to be upregulated in esophageal squamous cell carcinoma (ESCC) tissues, and miR-25 overexpression was observed to induce ESCC cell metastasis and invasion via binding to the 3′UTR of epithelial cadherin ([@b36-mmr-11-02-0759]). These studies demonstrate that the function of miRNAs may be tissue-specific.

4. Dysregulation of miRNAs in GC
================================

The dysregulation of miRNAs in GC and the subsequent effects have been widely analyzed. Abnormal expression of miRNAs identified in GC has been implicated in the regulation of the cell cycle, apoptosis, invasion and metastasis. For instance, the miR-222-221 oncogenic cluster, associated with the cell cycle, has been reported to be frequently overexpressed in GC ([@b37-mmr-11-02-0759]). miR-222-221 exhibits greater ectopic expression in GC tissues as compared with normal tissues, and downregulates the protein levels of p27 and p57 through binding to target sites; p21, p27 and p57 are all included in the p21 family, and act as cyclin-dependent kinase (CDK) inhibitors, suppressing the progression of cell cycle ([@b37-mmr-11-02-0759]). miR-15b, miR-16, miR-181b and miR-34 have the same downstream target, B-cell lymphoma 2 (BCL-2), which exhibits an antiapoptotic function; overexpression of these miRNAs inhibits the expression of BCL-2 and induces apoptosis. Furthermore, through the negative regulation of BCL-2 expression, miR-15a, miR-16 and miR-181b may contribute to the repression of multidrug resistance associated with the modulation of apoptosis in human GC cell lines ([@b38-mmr-11-02-0759]--[@b40-mmr-11-02-0759]). miR-21 negatively regulates reversion-inducing-cysteine-rich protein with kazal motifs (RECK), a molecule that represses GC metastasis and angiogenesis, and miR-21 is also involved in cancer tissue invasion and lymph node metastasis via reducing the protein levels of phosphatase and tensin homolog (PTEN), a tumor-suppressor gene ([@b41-mmr-11-02-0759],[@b42-mmr-11-02-0759]). Furthermore, overexpression of miR-21 leads to inhibition of programmed cell death 4 (PDCD4) expression, which results in lymph node metastasis and venous invasion ([@b43-mmr-11-02-0759]).

The expression features and the functions of miRNAs have been widely investigated, but the underlying mechanism of miRNA dysregulation is less well-known. However, aberrant miRNA expression has been shown to be mediated by a number of mechanisms, including gene mutation, alteration of the number of DNA copies, defective transcription and dysregulation of miRNA biogenesis components, as well as epigenetic alteration ([@b44-mmr-11-02-0759]) ([Fig. 1](#f1-mmr-11-02-0759){ref-type="fig"}). Among these mechanisms, DNA methylation may be pivotal in the dysregulation of miRNAs, as methylation mainly represses the expression of tumor-suppressor miRNAs that contain CGIs in promoter regions. In addition, expression of these miRNAs may be restored through demethylation, which indicates that demethylation treatment may serve as a novel therapeutic approach. Thus, DNA methylation of miRNAs requires further investigation in different types of cancer, including GC.

5. Aberrant methylation of miRNAs in GC
=======================================

miR-124a and miR-34b/miR-34c
----------------------------

Recently, aberrant miRNA methylation in GC has received a great deal of attention. Ando *et al* ([@b45-mmr-11-02-0759]) confirmed that the promoter regions of miR-124a-1, miR-124a-2 and miR-124a-3 were methylated in GC cell lines and samples, which led to the loss of expression of the miRNAs. However, treatment of the cell lines with the 5-aza-CdR demethylation drug resulted in restoration of the miRNAs. This study may have been the first in which DNA methylation was identified as a mechanism of miRNA silencing in GC. Furthermore, the authors found that *H. pylori* infection induced promoter methylation of the miRNAs and increased the risk of GC. In addition, in individuals without *H. pylori* infection, the methylation levels of miR-124a-1, miR-124a-2 and miR-124a-3 were significantly higher in the non-cancerous gastric mucosae of patients with GC than those in the normal mucosae of healthy individuals, which indicates that miR-124a methylation is involved in epigenetic field defects. Therefore, the methylation of members of the miR-124a family may serve a tumor biomarker for the early diagnosis of GC and treatment of *H. pylori* infection may reduce the risk of GC.

In addition to the miR-124a family, miR-34b and miR-34c have also been observed to be silenced by aberrant promoter-associated CGI methylation in the majority of GC cell lines and tissues. Restoration of miR-34b and miR-34c promotes the repression of cell growth, which demonstrates that miR-34b and miR-34c function as tumor-suppressor genes ([@b46-mmr-11-02-0759]). The authors also demonstrated that DNA methylation of miR-34b and miR-34c was associated with *H. pylori* infection in normal individuals, and that the methylation levels of miR-34b and miR-34c in the non-cancerous gastric mucosae of patients with multiple GC were higher than those of patients with single GC. Recently, Suzuki *et al* ([@b47-mmr-11-02-0759]) found that aberrant methylated miR-34b and miR-34c could be an important predictive biomarker of metachronous GC risk. Therefore, the aberrant methylation of miR-34b and miR-34c may be a diagnostic or predictive biomarker, and the re-expression of miR-34b and miR-34c using demethylation drugs may be a novel therapeutic strategy for GC or a useful preventative measure.

miR-181c
--------

DNA methylation as a mechanism of miRNA silencing in GC has also been identified in miR-181c. Hashimoto *et al* ([@b48-mmr-11-02-0759]) observed that miR-181c expression levels were reduced in 9 of 16 GC samples, as compared with adjacent non-cancerous mucosae, and that miR-181c was upregulated following demethylation treatment of GC cells with 5-aza-CdR. In addition, the authors analyzed the methylation status of miR-181c using bisulfate sequencing and methylation-specific polymerase chain reaction (MSP) analysis, and found that miR-181c was silenced following CGI methylation. These results indicate that reduced miR-181c expression levels are associated with DNA promoter methylation. As with miR-124a and miR-34b/miR-34c, miR-181c methylation signals have also been identified in certain non-cancerous tissues corresponding to GC samples, which implies a defect in the epigenetic field. In order to investigate the effect of miR-181c expression, Hashimoto *et al* ([@b48-mmr-11-02-0759]) transfected two GC cell lines with pre-miR-181c and observed inhibition of cell growth, indicating that miR-181c functions as a tumor-suppressor gene. Through further analysis of the underlying mechanism of action, the authors observed that miR-181c acts via repression of the NOTCH4 and v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) target genes. NOTCH4 is involved in cell fate determination and KRAS is known as a proto-oncogene that belongs to the RAS family. In conclusion, the study indicated that DNA methylation of miR-181c may be a biomarker of GC and demethylation with epigenetic drugs may be a novel therapeutic approach for GC or other types of cancer. Notably, in this study, miR-181c was only overexpressed in 2 of the 16 GC samples as compared with corresponding non-cancerous tissues. However, Cui *et al* ([@b49-mmr-11-02-0759]) reported that increased expression levels of miR-181c were closely associated with the progression and prognosis of GC. Thus, further studies are required to clarify the exact role of miR-181c in the development, progression and prognosis of GC.

miR-137
-------

Loss of miR-137 expression has been reported in numerous types of cancer and miR-137 promoter hypermethylation has been observed as an important determinant of miR-137 downregulation in colorectal cancer ([@b50-mmr-11-02-0759]). Therefore, Chen *et al* ([@b51-mmr-11-02-0759]) proposed that miR-137 may be downregulated in GC due to increased methylation of promoter-associated miR-137 CGIs. By use of quantitative polymerase chain reaction and MSP, the authors found that the expression levels of miR-137 were frequently lower in GC tissues than those in the corresponding normal tissues. The authors further demonstrated that miR-137 was expressed at lower levels in methylated GC tissues and that demethylation resulted in the re-expression of miR-137, indicating that miR-137 expression levels are negatively correlated with promoter methylation. In addition, the study demonstrated that transfection of AGC and MKN-45 gastric cancer cell lines with pre-miR-137 inhibited the cell cycle at the G1-S phase and induced apoptosis, which demonstrates that miR-137 may be involved in GC carcinogenesis. As determined by the results of target gene prediction and a luciferase reporter assay, the authors revealed cell division cycle 42 (Cdc42) mRNA to be a direct target of miR-137. Furthermore, cells transfected with pre-miR-137 exhibited reduced expression levels of Cdc42 and Cyclin D1. The authors also found that apoptosis was induced in GC cells transfected with small interfering RNA targeting Cdc42. Therefore, cell cycle arrest may be caused by the inhibition of Cyclin D1 and cell apoptosis may result from the inactivation of Cdc42. The study detected a novel mechanism of GC pathogenesis, which may help in the identification of a novel potential therapeutic target in GC.

miR-9 and miR-212
-----------------

In humans, the miR-9 family has three members, miR-9-1, miR-9-2 and miR-9-3, which are located on chromosomes 1, 5 and 15, respectively. Epigenetic repression of miR-9 molecules due to aberrant promoter hypermethylation was first reported in breast cancer ([@b52-mmr-11-02-0759]). Recently, CGI hypermethylation-mediated silencing of all three miR-9 family members was observed in GC; this silencing was reversed in GC cell lines following treatment with 5-aza-CdR ([@b53-mmr-11-02-0759]). Reactivation of miR-9 family members promotes tumor suppressor features, including the repression of cell proliferation and migration. The miR-9 family members may exert tumor-suppressive roles through the inhibition of target genes, such as NF-κB1 and RAB34 ([@b54-mmr-11-02-0759],[@b55-mmr-11-02-0759]).

As with miR-9, the downregulation of miRNA-212 has been reported to be partly associated with CGI hypermethylation, which is reversed by 5-aza-CdR treatment ([@b2-mmr-11-02-0759]). In addition, miR-212 may function as a tumor suppressor through inhibition of the MYC and MECP2 potential target genes ([@b2-mmr-11-02-0759]). In conclusion, the demethylation of miR-9 and miR-212 may inhibit the progression of GC and these molecules may be novel therapeutic targets.

miR-148a
--------

Studies have shown that miR-148a is downregulated and DNMT1 is overexpressed in gastric cancer cells. However, the mechanisms underlying the aberrant expression of miR-148a and DNMT1, and their association in gastric cancer remain unknown ([@b56-mmr-11-02-0759],[@b57-mmr-11-02-0759]). The silencing of miR-148a has been revealed to be associated with promoter hypermethylation in pancreatic cancer ([@b58-mmr-11-02-0759]). Therefore, Zhu *et al* ([@b16-mmr-11-02-0759]) inferred that miR-148a silencing in GC may also be associated with aberrant methylation. This study demonstrated that promoter-associated CGIs were methylated and miR-148a expression levels reduced in the majority of GC samples. As determined by TargetScan miRNA target prediction software, miR-148a may directly target DNMT1, which replicates methylation patterns. Moreover, the results revealed that overexpressed DNMT1 led to miR-148a silencing, whereas restoration of miR-148a resulted in the downregulation of DNMT1. Therefore, there may be a circulating regulation between miR-148a and DNMT1 expression. Furthermore, the authors observed that the reactivation of miR-148a repressed cell growth. In addition, Zheng *et al* ([@b59-mmr-11-02-0759]) identified that overexpression of miR-148 suppressed the metastasis and invasion of GC through repression of a direct target, Rho-associated protein kinase 1 (ROCK1), a potential metastasis promoter. Thus, miR-148a is a potential biomarker of GC prognosis, and restoration of miR-148a may exert an important role in inhibiting the development, metastasis and invasion of GC.

miR-10b
-------

miR-10b exerts an oncogenic role in numerous types of cancer cell, including breast cancer, malignant glioma, esophageal cancer and hepatocellular carcinoma (HCC) cells, and induces metastasis and invasion by regulation of target genes ([@b60-mmr-11-02-0759]--[@b63-mmr-11-02-0759]). For example, miR-10b is overexpressed in HCC and inhibits the translation of cell adhesion molecule 1 by direct targeting, which promotes HCC metastasis and invasion ([@b60-mmr-11-02-0759]). However, according to results from methylation array and bisulfate pyrosequencing analysis, Kim *et al* ([@b64-mmr-11-02-0759]) reported that miR-10b was downregulated in GC due to promoter region hypermethylation. The authors found that treatment of GC cells with 5-aza-CdR resulted in the re-expression of miR-10b, which further indicated that miR-10b silencing was closely correlated with promoter methylation. Microtubule-associated protein RP/EB family member 1 (MAPRE1), also known as end-binding protein 1, a molecule mapped to chromosome 20q11.2, is upregulated in cancer, and induces cell proliferation and represses apoptosis through the β-catenin/T-cell factor (TCF) signaling pathway, which indicates that MAPRE1 may function as an oncogene ([@b65-mmr-11-02-0759]). Kim *et al* ([@b64-mmr-11-02-0759]) identified that miR-10b silencing in GC cells through methylation led to MAPRE1 overexpression and induced cell proliferation, whereas restoration of miR-10b resulted in inhibition of MAPRE1 and reduced the rate of cell growth and colony formation. In addition, the authors demonstrated using a luciferase reporter assay that miR-10b binds to the 3′UTR of MAPRE1. Therefore, MAPRE1 is a direct and functional target gene of miR-10b, and may repress cell growth through the β-catenin/TCF signaling pathway in GC. In conclusion, DNA methylation of miR-10b may act as a biomarker for estimating the risk of GC and the regulation of miR-10b may have therapeutic potential.

miR-195 and miR-378
-------------------

Epigenetic inactivation of miR-195 and miR-378 has recently been reported in GC ([@b66-mmr-11-02-0759]). miRNA silencing in cancer is usually related to abnormal promoter methylation, and thus Deng *et al* ([@b66-mmr-11-02-0759]) hypothesized that the downregulation of miR-195 and miR-378 is associated with promoter-associated methylation. The authors observed that the miR-195 and miR-378 promoters contained CGIs, and that the demethylation treatment of two GC cell lines with 5-aza-CdR resulted in the re-expression of these two miRNAs, which confirmed the hypothesis previously proposed. CDK6 as a direct target of miR-195 in hepatocellular carcinoma cells has been reported and the 3′UTR of vascular endothelial growth factor (VEGF) has been demonstrated to contain a potential binding site for miR-378 ([@b67-mmr-11-02-0759],[@b68-mmr-11-02-0759]). Therefore, Deng *et al* ([@b66-mmr-11-02-0759]) inferred that CDK6 may be the potential target gene of miR-195 in GC and that VEGF may be a candidate target gene of miR-378. The study results revealed that the expression levels of CDK6 and VEGF were negatively correlated with miR-195 and miR-378 expression levels, respectively, with the latter two molecules inhibiting the expression of the former two. Furthermore, according to the results of analyses conducted using two software packages and luciferase reporter assays, the authors identified CDK6 as a potential direct target of miR-195. CDK6 is an important regulatory molecule of the G1 cell cycle phase and downregulation of CDK6 may result in G1-S phase arrest. Aberrant VEGF expression is associated with angiogenesis, metastasis and repression of apoptosis. The authors also found that miR-195 and miR-378 act as tumor-suppressor genes via the inhibition of cell growth resulting from interruption of the cell cycle. The G0/G1 phase arrest caused by miR-195 may be due to the suppression of CDK6, but the mechanism of G2/M phase arrest caused by miR-378 is not clear. In conclusion, the study indicated that promoter-associated CGI methylation may be a critical factor resulting in the silencing of miR-195 and miR-378, and that the restoration of the two miRNAs may have therapeutic potential in GC.

Other miRNA molecules
---------------------

Saito *et al* ([@b69-mmr-11-02-0759]) reported that miR-512-5p became activated following epigenetic treatment of gastric cancer cells with 5-aza-CdR and 4-phenylbutyric acid, which indicates that miR-512-5p may be inactivated by DNA methylation. However, the authors did not further analyze the miR-512-5p methylation status in GC. Promoter-associated CGI methylation has been reported to inhibit the transcriptional activity of miR-196b in GC ([@b20-mmr-11-02-0759]). Unlike the above-described miRNAs, miR-196b functions as an oncogene and exhibits hypomethylation in gene promoter regions in primary GC. A recent study revealed that miR-219-2-3p may act as a tumor suppressor in GC through modulation of extracellular signal-regulated kinase (ERK) 1/2-associated signaling pathways ([@b3-mmr-11-02-0759]). In addition, reduced miR-219-2-3p expression levels may be partly associated with DNA methylation. The lower expression levels of miR-219-2-3p are closely associated with tumor staging, and reactivation may inhibit GC cell proliferation and migration, and induce apoptosis, indicating the potential for miR-219-2-3p as a novel therapeutic target and prognostic indicator. Downregulation of miR-338-3p due to hypermethylation in the promoter region has also been detected in GC ([@b70-mmr-11-02-0759]). miR-338-3p exerts antitumor effects through modulation of the synovial sarcoma X breakpoint protein (SSX2I) oncogene, and the respective promoter methylation status may be a useful diagnostic biomarker of GC. The role of DNA methylation of miRNAs in GC reported in recent years is reviewed in [Table I](#tI-mmr-11-02-0759){ref-type="table"}.

6. Conclusions and future perspectives
======================================

At present, the research regarding the aberrant methylation of miRNAs in GC remains far from complete and studies have predominantly analyzed tumor-suppressor genes. Therefore, more studies are required to identify DNA methylation of novel miRNAs in GC, including oncogenic miRNAs. DNA methylation is a reversible process and demethylation treatment may have great potential in cancer treatment. As DNA methylation is mainly catalyzed by members of the DNMT family, DNMT inhibitors may function as demethylation drugs and act as anticancer agents. Among these demethylation inhibitors, 5-aza-CdR is perhaps the most commonly investigated. However, these demethylation inhibitors not only restore the expression of tumor-suppressor miRNAs but also increase the expression levels of particular oncogentic miRNAs, such as miR-196b. Therefore, as demethylation inhibitors exert a dual function, further studies are required to improve drug targeting. For example, current studies have revealed that miRNA mimics, used in place of miRNAs, effectively alleviated the loss of miRNA expression and may be a potential therapeutic strategy ([@b71-mmr-11-02-0759]).

In conclusion, the methylation of miRNAs is involved in GC pathogenesis; therefore, modification of this process is important in treatment. Thus, more in-depth and extensive studies concerning the methylation of miRNAs are required. With the continuous advancement of miRNA methylation research, great progress in the diagnosis and treatment GC is likely.

![Micro (mi)RNA regulation mechanisms. miRNAs may be regulated by a number of mechanisms, including gene mutation, alteration of DNA copies, defective transcription and dysregulation of miRNA biogenesis components, as well as by epigenetic alteration.](MMR-11-02-0759-g00){#f1-mmr-11-02-0759}

###### 

Summary of methylated miRNAs in GC.

  miRNA          Expression levels in GC tissues   Target genes       References
  -------------- --------------------------------- ------------------ ------------------------------------------------
  miR-124a-1-3   Downregulated                     \-                 ([@b39-mmr-11-02-0759])
  miR-34b/c      Downregulated                     CDK4, MET, CCNE2   ([@b40-mmr-11-02-0759],[@b41-mmr-11-02-0759])
  miR-181c       Upregulated/downregulated         NOTCH4, KRAS       ([@b42-mmr-11-02-0759])
  miR-137        Downregulated                     Cdc42              ([@b45-mmr-11-02-0759])
  miR-9          Downregulated                     NF-κB1, RAB34      ([@b47-mmr-11-02-0759]--[@b49-mmr-11-02-0759])
  miR-212        Downregulated                     MYC, MeCP2         ([@b50-mmr-11-02-0759])
  miR-148a       Downregulated                     DNMT1, ROCK1       ([@b52-mmr-11-02-0759],[@b53-mmr-11-02-0759])
  miR-10b        Downregulated                     MAPRE1             ([@b58-mmr-11-02-0759])
  miR-195        Downregulated                     CDK6               ([@b60-mmr-11-02-0759])
  miR-378        Downregulated                     VEGF               ([@b60-mmr-11-02-0759])
  miR-196b       Upregulated                       \-                 ([@b16-mmr-11-02-0759])
  miR-512-5p     Downregulated                     MCL1               ([@b63-mmr-11-02-0759])
  miR-219-2-3p   Downregulated                     \-                 ([@b64-mmr-11-02-0759])
  miR-338-3p     Downregulated                     SSX2IP             ([@b65-mmr-11-02-0759])

miRNA, microRNA; GC, gastric cancer; CDK4, cyclin-dependent kinase 4; MET, hepatocyte growth factor receptor; CCNE2, cyclin E2; KRAS, v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; Cdc42, cell division cycle 42; DNMT1, DNA methyltransferase 1; ROCK1, Rho-associated protein kinase 1; MAPRE1, microtuble-associated protein RP/EB family member 1; CDK6, cyclin-dependent kinase 6; VEGF, vascular endothelial growth factor; RAB34, member of RAS oncogene family; MeCP2, methyl CpG binding protein 2; SSX2IP, synovial sarcoma X breakpoint protein.
